To characterize the amniotic fluid (AF) inflammatory-related protein (IRP) network in patients with a sonographic short cervix (SCx) and to determine its relation to early preterm delivery (ePTD).
| INTRODUCTION
A sonographic short cervix is a strong predictor of spontaneous preterm delivery. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The earlier the diagnosis of a short cervix, the more likely the patient will deliver preterm. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] Compelling evidence supports the view that this condition is syndromic in nature and has multiple etiologies, 13, [34] [35] [36] [37] such as a decline in progesterone action, [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] prior cervical surgery, [49] [50] [51] [52] [53] [54] [55] [56] [57] intra-amniotic inflammation and/ or infection, [58] [59] [60] [61] [62] [63] and genuine cervical insufficiency. 35, 64 Patients with a mid-trimester sonographic short cervix can be offered treatment with vaginal progesterone [65] [66] [67] [68] [69] [70] [71] [72] [73] and, for those with a history of preterm birth, a cervical cerclage [74] [75] [76] [77] [78] [79] [80] may be placed.
A subset of patients with a mid-trimester sonographic short cervix (cervical length ≤25 mm) may have microbial invasion of the amniotic fluid (MIAC) with or without inflammation. 62, 81, 82 Sterile intra-amniotic inflammation appears to be more common than MIAC (10% vs 2.2%, respectively) and is associated with an increased risk of spontaneous preterm delivery <34 weeks of gestation. 82 The presence of intraamniotic inflammation (both microbial and sterile) is associated with adverse pregnancy outcomes 35, [83] [84] [85] [86] [87] [88] [89] [90] [91] in patients presenting with preterm labor and intact membranes, [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] preterm pre-labor rupture of the membranes (PPROM), [109] [110] [111] [112] [113] [114] a sonographic short cervix, 60, 62, 82, 115 and cervical insufficiency. 58, 59, 64, 116, 117 Thus, we and others have explored the behavior of cytokines and other inflammatory-related markers in amniotic 82, 100, [106] [107] [108] [118] [119] [120] [121] [122] [123] [124] [125] [126] [127] [128] or vaginal [129] [130] [131] [132] [133] [134] [135] [136] [137] [138] [139] [140] fluid.
Disease states are generally caused by the interaction of a group of correlated molecules (or network) and not by the effect of a single molecule. [141] [142] [143] [144] [145] [146] [147] For example, in the context of inflammation, one cytokine can induce the expression of others, which can modulate the immune response and lead to the development of feedback regulatory networks. 148 Thus, to understand the pathogenesis of inflammatoryrelated diseases, cytokines should ideally be studied as groups of interacting molecules/proteins. [149] [150] [151] Indeed, recent evidence suggests that biomarkers derived from network analysis are able to achieve better diagnostic performance than those derived from a single-molecule approach. 61, [152] [153] [154] [155] [156] [157] [158] [159] Women with microbial-associated or sterile intra-amniotic inflammation had a more coordinated cytokine network than those without intra-amniotic inflammation. 127 Using a network approach, we were able to demonstrate that microbial and sterile intra-amniotic inflammation differ in their cytokine networks. 127 Therefore, the objective of this study was to examine the amniotic fluid inflammatory-related protein network in asymptomatic patients with a mid-trimester sonographic short cervix according to gestational age at the time of diagnosis and delivery. transabdominal amniocentesis performed for molecular microbiological studies, and (iv) available pregnancy outcomes. Exclusion criteria were as follows: (i) rupture of membranes or preterm labor symptoms before amniotic fluid collection, (ii) chromosomal or structural fetal anomaly, or (iii) placenta previa. A subset of patients in this study was included in a prior study, 82 which provides a description of the molecular microbiologic findings of the amniotic cavity and amniotic fluid IL-6 concentrations. All patients provided written informed consent, and the use of biological specimens as well as clinical and ultrasound data for research purposes was approved by the Institutional Review
| MATERIALS AND METHODS

| Study population
Boards of Wayne State University and NICHD.
Clinical definitions, methods of sonographic assessment of the cervix, sample collection, and the detection of microorganisms as well as amniotic fluid IL-6 concentrations were previously reported. 82 Briefly, spontaneous preterm labor was defined by the presence of regular uterine contractions occurring at least twice every 10 minutes, associated with cervical changes before 37 completed weeks of gestation. Early spontaneous preterm delivery was defined as spontaneous preterm delivery before 32 completed weeks of gestation. Patients classified as having spontaneous preterm delivery included those with spontaneous preterm labor, preterm pre-labor rupture of the membranes (PPROM), and those whose labor was induced or augmented due to clinical chorioamnionitis. 160 Patients who were unavailable for a follow-up or who had inaccessible delivery data were excluded.
Intra-amniotic inflammation was characterized by an amniotic fluid IL-6 concentration ≥2.6 ng/mL. 
| Multiplex determination of inflammatoryrelated proteins
Amniotic fluid concentrations of 33 inflammatory-related proteins were determined using a multiplex bead array assay developed by the investigators as previously described in detail (Methods S1). 
| Statistical analysis
The goal of the statistical analysis was to (i) assess the relation between the risk of preterm delivery and gestational age at amniocentesis, (ii) assess the relation between inflammatory-related protein concentration and cervical length, (iii) evaluate differences in inflammatory-related protein concentration between groups (delivery ≤32 or >32 weeks of gestation), and (iv) evaluate differences in the correlation of pairs of proteins between groups and build correlation networks. To accomplish these goals, women were divided into three groups based on their gestational age at amniocentesis with the two cutoff points representing tertiles of the distribution: 16 5/7 to 22 1/7, 22 2/7 to 26 1/7, and 26 2/7 to 31 5/7 weeks of gestation. In addition to creating equal-sized subgroups of patients, this subclassification of samples is based on (i) previous observations that the populations of patients diagnosed with a short cervix are different, depending upon whether the diagnosis is made earlier as opposed to later in gestation 81 and also (ii) the observation that pro-inflammatory protein concentrations may vary with gestational age at amniocentesis.
127
The association between the interval of gestational age at amniocentesis and risk of preterm delivery was tested using a chi-square test for trends in proportions. To test for differential analyte concentrations between groups within each gestational-age interval, a linear model was fit to the log (base 2) of the analyte concentration as a function of the group indicator (patient delivered ≤32 or >32 weeks of gestation)
while adjusting for gestational age at amniocentesis. Similarly, to test the association between analyte concentration and cervical length, a linear model was fit to the log (base 2) of the analyte concentration as a function of cervical length and the group indicator (patient delivered ≤32 or >32 weeks of gestation) while adjusting for gestational age at
amniocentesis. An interaction term was allowed between the group indicator and cervical length to accommodate possible differences in the rate of change of the analyte concentration and cervical length between groups.
Significance test P values for the group (delivery ≤32 or >32 weeks of gestation) coefficient as well as for the cervical length coefficient were adjusted with the Benjamini-Hochberg method over all 33 analytes to compute q-values. The significance of differences in concentration was determined based on a q-value <.1 and a fold change >1.5.
For changes in cervical length, the minimum fold change cutoff of 1.5
was defined as more than a 1 cm change in cervical length.
The difference in concentration correlation of each possible pair of analytes (eg, IL-1α and IL-6, IL-1α and IL-33) between groups was assessed as follows. A linear model was fit to the log-transformed data of each protein as a function of gestational age using samples of each group separately in each gestational-age interval. The residuals (actual value−fitted value) were then used to compute the Pearson correlation for each pair of analytes (called partial correlations). To test for differences in partial correlations between groups within each interval, the partial correlations were first converted into an intermediary statistic using Fisher's z transformation. Under the null hypothesis (partial correlations are equal between groups), the standardized differences in z values among groups were assumed to follow a standard normal distribution. Significant differences in partial correlations were inferred based a P value <.01, and the magnitude of correlation differences was at least .2.
A network of differential correlation between groups of women was constructed for each gestational-age interval by linking/connecting the proteins with significant differences in partial correlations (also referred to as perturbed correlation). For each node (protein) in the network, we calculated the degree (number of perturbed correlations of a given protein) and the average absolute difference in correlations as previously described. 127 To identify confounding variables that could impact the analyses described above, we have used chi-square tests to determine the association of covariates (administration of steroids, antibiotics, and progesterone before amniocentesis) and preterm delivery within each interval. Covariates with a significant association with the outcome were adjusted for in the differential concentration and differential correlation analyses.
| RESULTS
| Characteristics of the study population
Two hundred and twenty-three patients who had a sonographic short cervix (≤25 mm) were included in this study. Demographic and clinical characteristics of the study population are displayed in The samples included in this study were collected before the publication of randomized trials reporting that vaginal progesterone reduces the rate of preterm delivery and neonatal morbidity; therefore, none of our patients received vaginal progesterone. Eight percent (18/221) of patients underwent cerclage. There were no significant differences in the frequencies with which 17-alpha-hydroxyprogesterone caproate, antibiotics, and antenatal corticosteroids were administered within 7 days before amniocentesis between women with a short cervix who delivered ≤32 weeks of gestation and those who delivered >32 weeks of gestation (Table 1 ).
The prevalence of intra-amniotic inflammation (defined as an amniotic fluid IL-6 concentration ≥2.6 ng/mL), including both microbialassociated and sterile intra-amniotic inflammation, was significantly higher in patients with a sonographic short cervix who delivered ≤32 weeks of gestation than in those who delivered >32 weeks of gestation (P<.05 for all; Table 1 ). Additionally, the median amniotic fluid IL-6 concentrations (ng/mL) and the frequency of acute inflammatory lesions of the placenta were significantly higher and more frequent in patients with a short cervix who delivered ≤32 weeks of gestation than in those who delivered >32 weeks of gestation (IL-6: Microbial invasion of the amniotic cavity, % (n)
12.1% (27) 9.4% (6) 13.2% (21) .43
Sterile intra-amniotic inflammation, % (n) 10.3% (23) 25.0% (16) 4.4% (7) <.001
Microbial-associated intra-amniotic inflammation, % (n) 2.2% (5) 6.3% (4) 0.6% (1) .01
Intra-amniotic inflammation (ELISA IL-6 ≥2.6 ng/mL), % (n)
12.6% (28) 31.3% (20) Amniotic fluid white blood cell count (cells/mm
Placenta Acute inflammatory lesion of the placenta, % (n/N) 
| The risk of preterm delivery according to the presence of a sonographic short cervix and gestational age at diagnosis
Patients with a short cervix who delivered ≤32 weeks of gestation had a significantly lower gestational age at amniocentesis/diagnosis with a short cervix, and they had a shorter sonographic cervical length than those who delivered >32 weeks of gestation (P<.001 for all; Table 1 ).
When patients were stratified according to the tertiles of gestational age at amniocentesis, the rate of delivery ≤32 weeks of gestation was 50% in those with an asymptomatic short cervix identified at 16 5/7 to 22 1/7, 21% in those identified at 22 2/7 to 26 1/7, and 15% in those at 26 2/7-31 5/7 weeks of gestation (chi-square test for trend P<.0001).
| Potential effects of confounding variables
We examined whether the administration of steroids, antibiotics, and progesterone before amniocentesis could have had a confounding effect on the differential concentration analysis of proteins. The association of these covariates with the "group indicator"
(whether a patient delivered ≤32 or >32 weeks of gestation) for each gestational-age interval at amniocentesis was assessed and found to be significant only for steroids (P=.014) in the gestationalage window between 26 2/7 and 31 5/7 weeks at amniocentesis.
Therefore, we adjusted for exposure to steroids in the third interval of gestational age at amniocentesis and found little effect on the differential concentration and correlation analysis results, as described below.
| The inflammatory protein concentrations and sonographic cervical length
We tested the association between inflammatory-related protein concentrations and cervical length within the group of patients in which the diagnosis of a short cervix/gestational age at amniocentesis was made early in pregnancy (16 5/7 to 22 1/7 weeks) while controlling for the gestational age at amniocentesis. This set of patients included an equal number of deliveries ≤32 and >32 weeks of gestation. The concentration of all inflammatory-related proteins were inversely related to cervical length (ie, the shorter the cervix, the higher the concentration of the proteins; q<.1 for all). Only IP-10
and IL-18 did not reach the required minimum of a 1.5-fold change in abundance per cm change in cervical length to be considered statistically significant. Fold changes for significant proteins ranged from 1.5-to 8.5-fold per cm (IL-33 and IL-8, respectively; see Figure 1 and Table 2 ). For three proteins (MIP-1α, MCP-1, IL-6), the rate of change in abundance with cervical length was higher in patients who delivered ≤32 weeks compared to those who delivered >32 weeks of gestation (Figure 2 ).
| Differences in amniotic fluid inflammatoryrelated protein concentrations between patients with a sonographic short cervix who delivered before and after 32 weeks of gestation
The amniotic fluid concentrations of 33 inflammatory-related proteins were compared between patients with a sonographic short cervix who delivered ≤32 and >32 weeks of gestation. As the amniotic F I G U R E 1 Association between proinflammatory protein concentration and cervical length for patients diagnosed with a short cervix at 16 5/7 to 22 1/7 weeks of gestation. The figure shows the concentration (log 2 , thereof) as a function of cervical length for 4 of the 33 proteins shown in Table 2 . The concentration of these proteins is higher in women with a short cervix regardless of whether they delivered ≤32 weeks of gestation (red) or >32 weeks of gestation (black) Table 3 ). Of the 28 inflammatory-related proteins whose concentrations were significantly different between groups in this interval, 18 would remain significant when the analysis was restricted to patients without intraamniotic inflammation (see proteins in boldface, Table 3 ).
| Amniotic fluid concentration of inflammatory proteins in patients with a short cervix diagnosed between 22 2/7 and 26 1/7 weeks of gestation
In this gestational-age window, the differences in amniotic fluid concentrations of inflammatory-related proteins between groups were of a lesser magnitude than those in the first gestational-age interval (16 5/7 to 22 1/7 weeks); for nine analytes, the mean amniotic fluid concentration was significantly higher in patients who delivered ≤32 weeks of gestation compared to those who delivered >32 weeks of gestation (fold change >1.5; q<.1). The three analytes with the highest concentration were IL-8, IL-6, and MIP-1β (5.4-, 4.2-, and 2.6-fold, respectively, Table 3 ).
| Amniotic fluid concentration of inflammatory proteins in patients with a short cervix diagnosed between 26 2/7 and 31 5/7 weeks of gestation
Differences in the amniotic fluid concentrations of the inflammatoryrelated proteins between groups was less than that of the other two gestational-age groups. The only protein with a significant difference in median concentration between patients who delivered ≤32 weeks of gestation compared to those who delivered >32 weeks of gestation was IL-8 (fold change of 2.3 and nominal P value <.05, Table 3 ).
However, this significance was lost when adjusting for the administration of steroids, which was a confounder variable in the analysis of patients in this interval of gestational age (as described above).
| Amniotic fluid cytokine network analysis according to gestational age at diagnosis of a short cervix
As the concentration of pro-inflammatory proteins changes with gestational age at amniocentesis (see Figure 3 , top panel for IL-10
and MIP-1β), differences in correlation patterns of pairs of proteins between groups were assessed within three intervals of gestational age, after removing the linear trend with gestational age from log (base 2) protein concentration ( Figure 3, bottom panel) . The example presented in Figure 3 shows that in the interval of 16 5/7 to 22 1/7 weeks, the partial correlation between MIP-1β and IL-10 is .65 in patients who delivered ≤32 weeks and only .05 in patients who delivered >32 weeks (difference in correlation coefficient of .65-.05=.60, P=.0055, see Table S1 ).
Patients with a sonographic short cervix diagnosed between 16
5/7 and 22 1/7 weeks of gestation who delivered ≤32 weeks of gestation had a higher concentration of inflammatory-related proteins than those who delivered >32 weeks of gestation (22 perturbed proteins). IL-8, MIP-1β, and MIP-1α had the highest number of perturbed correlations (degrees of 6, 5, and 5, respectively), while IL-8, MIP-1β, and IL-6 showed the largest magnitude of change between groups ( Figure 4A ).
F I G U R E 2
Three proteins that increase in abundance with cervical shortening a higher rate in women who delivered ≤32 weeks of gestation (red) compared to those who delivered >32 weeks of gestation (black). As in Figure 1 , only patients diagnosed with a short cervix at 
| DISCUSSION
| Principal findings of the study
(i) The earlier the short cervix was diagnosed, the higher the rate of preterm delivery ≤32 weeks of gestation, reaching 50% in the 
| Network of protein correlation perturbations related to preterm delivery in patients diagnosed with a short cervix between 16 and 22 weeks of gestation
Patients with a sonographic short cervix and a subsequent early preterm delivery had more coordinated amniotic fluid cytokine concentrations than those who had late preterm deliveries. IL-8 and MIP-1β F I G U R E 3 Differential correlation analyses. The figure shows log 2 concentration (pg/mL) of IL-10 (upper left panel) and MIP-1β (upper right panel) as a function of gestational age at amniocentesis in patients who had a sonographic short cervix and who delivered ≤32 weeks (red) and those >32 weeks (blue) of gestation. Dashed lines denote the two tertiles of the distribution of gestational age at amniocentesis designating patients into three intervals, and the scatterplot of the log 2 concentration of IL-10 and MIP-1β in the first interval is shown (bottom left panel). A linear model was fit to the log 2 concentration of each analyte as a function of gestational age in each group within each gestational-age interval, and residuals were used to compute partial correlations between analytes (bottom right panel). The partial correlation between the two analytes was significantly increased in patients who delivered ≤32 weeks than those >32 weeks of gestation labor who had intra-amniotic inflammation/infection and clinical chorioamnionitis at term with proven intra-amniotic infection, and these chemokines can predict the likelihood of spontaneous preterm delivery. [171] [172] [173] [174] [178] [179] [180] [181] [182] [183] [184] In addition, both chemokines are significantly higher in patients with a mid-trimester short cervix who delivered <34 weeks than in those who delivered ≥34 weeks of gestation, 152, 156 and their concentrations correlated with cervical length. 61 By contrast, MIP-1α (or CCL-3) is the top-ranked protein identified from correlation analysis but not differential concentration analysis.
Interestingly, this cytokine has been implicated in the pathogenesis of intra-amniotic inflammation/infection in patients with preterm delivery and clinical chorioamnionitis. 174 MIP-1α is produced by macrophages 185 and activates human granulocytes in response to inflammation and infection. [186] [187] [188] [189] [190] [191] [192] [193] [194] These observations suggest that proteins ranked by network correlation analysis are of value and have biological plausibility in the pathogenesis of intra-amniotic inflammation/infection in patients with a sonographic short cervix, despite having a small magnitude of change from a simple comparison of mean concentrations. it had the highest number of perturbed correlations in women with a short cervix diagnosed between 22.2 and 26.1 weeks of gestation (n=11), suggesting that gestational age is a factor that may modulate the nature of the cytokine response.
It is well established that amniotic fluid IL-8, IL-6, and MIP-1β are involved in the pathogenesis of intra-amniotic inflammation/infection in preterm delivery, 96, 101, 108, [171] [172] [173] 179, 182, 183, [195] [196] [197] preterm pre-labor rupture of the membranes, 111, 180, 181, [198] [199] [200] [201] clinical chorioamnionitis, 174 and cervical insufficiency. [202] [203] [204] In patients with a mid-trimester short cervix, the concentrations of these cytokines/chemokines in the amniotic cavity are correlated with sonographic cervical length 61 and gestational age at delivery. 152 Additionally, all three cytokines are included in the amniotic fluid inflammatory score model, which can predict gestational age at delivery. 152 In the current study, the information obtained from network analysis is of value, because there is evidence that suggests that amniotic fluid MCP-1 (also known as CCL-2) and RANTES play a role in intra-amniotic inflammation/infection in patients with preterm labor, 132, 156, 205, 206 preterm pre-labor rupture of the membranes, 132 a sonographic short cervix, 61, 156 spontaneous labor at term, 207, 208 and histological chorioamnionitis. 205 Keeler et al. 156 reported that patients with a mid-trimester sonographic short cervix demonstrated that an elevation of amniotic fluid MCP-1 concentration (>1320 pg/ml) had a 69% sensitivity, 83% specificity, 36% positive predictive value, and 87% negative predictive value for preterm birth within one week of amniocentesis. Moreover, among the other 25 cytokines, MCP-1 was the most predictive cytokine of spontaneous preterm delivery in patients with a mid-trimester short cervix. 156 MCP-1 is capable of recruiting macrophages and other leukocytes into sites of inflammation. [209] [210] [211] [212] Similarly, RANTES is a pro-inflammatory chemokine secreted from T cells, which recruit monocytes, lymphocytes, basophils, and eosinophils in the host response to inflammation/infection. [213] [214] [215] [216] [217] Collectively, patients with a sonographic short cervix who subsequently delivered early had a more coordinated cytokine network than those who had a late preterm delivery. The ranked proteins derived from correlation analysis are informative, have known biological properties relevant to parturition, and can be potentially useful in the future for the development of a biomarker pipeline to identify patients with a sonographic short cervix who subsequently deliver early. diagnosed between 21 and 28 weeks of gestation. However, this association was not observed in patients without a short cervix. 221 We present herein for the first time that the earlier the occurrence of a short cervix, the more orchestrated is the inflammatory response associated with it in women who subsequently deliver prior to 32 weeks of gestation. These findings suggest that the risk of early spontaneous preterm delivery in asymptomatic women with a sonographic short cervical length changes as a function of gestational age at diagnosis and is associated with the magnitude and character of the intraamniotic inflammatory processes characterized by network analysis.
|
| Importance of the study of protein networks in the "great obstetrical syndromes"
The improved understanding of the immune response and its soluble (ii) chart the cytokine interaction in terms of its effect on specific inflammatory cell types (B and T cells, macrophages) in single and multiple cell interactions, 223, 224 (iii) identify new interfaces between signaling molecules in uni-or multiscale models that incorporate several cell populations, 225, 226 (iv) be the basis of hypothesis-generating studies, 227 and (v) identify potential therapeutic targets. 228, 229 This has been the case with breast cancer 158 and chronic fatigue syndrome. 230 The description of the cytokine network presented herein is novel and may assist in identifying the key cytokines involved in the amniotic fluid inflammatory response at different gestational-age windows that, in turn, may have diagnostic, prognostic, and therapeutic implications.
| Strengths and limitations of the study
A major strength of the study is that it is the first to investigate the inflammatory protein network in asymptomatic women at risk for preterm birth because of a sonographic short cervix. Second, the study focuses on amniotic fluid, the biological fluid in which major changes in cytokine activity are observed in the context of a short cervix. Third, the characterization of the protein inflammatory network was not restricted to cytokines, but also included antimicrobial proteins, such as lactoferrin, that have been implicated in premature labor. Fourth, the results of the cytokine network were unknown at the time of patient management and, therefore, could not have biased the clinicians and investigators. As with any other studies, replication of the findings is desirable.
| CONCLUSIONS
We have characterized the amniotic fluid pro-inflammatory protein network in women with an asymptomatic short cervix who are at risk for early preterm birth (<32 weeks of gestation) for the first time.
Importantly, the shorter the cervical length, the greater are the perturbations in the amniotic fluid inflammatory network and the higher the risk of early preterm delivery. Characterization of the amniotic fluid inflammatory network has implications for the taxonomy of disease for patients with a short cervix and identification of those at risk for early premature birth.
